A pot experiment in wire house was conducted to investigate the effect of potassium fertilization on physiology, growth and nutrient uptake of maize. Surface soil samples were collected and analyzed for soil physico-chemical properties and NPK contents. Pots were saturated with water and filled with soil (5 kg soil/pot). Potassium fertilizer was applied in five different treatments as T1, T2, T3, T4 and T5 with 0, 70, 100, 130, and 160 kg ha -1 , respectively. Nitrogen and phosphorus were applied @ 250 and 100 kg ha -1 (recommended), respectively, in all the pots, including control. Experiment was planned in completely randomized design (CRD), with three repeats. Plant growth, nutrient uptake and concentration in roots and shoots, net photosynthesis, rate of transpiration, stomatal conductance and substomatal CO 2 concentration were significantly improved with increasing K application rate. It also increased water use efficiency (WUE) and decreased root: shoot dry weight ratio of maize. Treatment T3 resulted in maximum growth, physiological characteristics and nutrient uptake. It was concluded that K fertilization improves physiological characteristics resulting in enhanced WUE and nutrient uptake eventually producing more yield. It is recommended to apply K fertilization in drought stress conditions.
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INTRODUCTION
Increasing population demands more food with every day in the future. About 1000 million people in world are unable to get daily dietary intakes, and more than 400 million are facing malnutrition problems. Hunger and hunger induced diseases kill about 11 million children of less than 5 years of age annually (Lean et al., 1990) . To cope with the problem of food scarcity, maize (Zea mays L.) could be the better option as it is a high yielding cereal crop which provides food and forage. United States of America, China, Brazil, European Union and Mexico are the largest maize producing countries. United States of America and China produce approximately 60% of the world maize crop, while 68% of land devoted to maize crop is located in the developing world, which contribute only 46% of total maize production, indicating the need for improving yield of maize crop in developing countries (Pingali and Pandey, 2000) . Maize is 3 rd largest food crop after wheat and rice. In Pakistan it is grown as a fodder, food and feed crop. Its annual production is 3,487 thousand tons which is planted on an estimated area of 950 thousand hectares in Pakistan (Anonymous, 2009-'10) . Maize is primary source of energy in the dairy industry as it is a good source of proteins, carbohydrates, Fe, vitamin B, and minerals. Maize green fodder is quite rich in proteins (Dowswell et al., 1996) . It provides raw materials for flakes, starch, corn oil and custard.
In spite of the modern agricultural technologies, there is still a gap between average and potential yield. To increase the average yield, nutrient and water management is of prime importance and beneficial to fulfil the yield gap. (Marchner, 1995) . It also used for increases water use efficiency plants (James, 2004) . It improves the soil physical properties known as soil aggregating agent (Hamza and Anderson, 2003) . Potassium cations are present in plants in large amount and plays an essential role in several biochemical and physiological processes (Igras and Danyte, 2007) . Potassium also affects protein synthesis (Hasiao et al., 1970) . Water is an integral part of plant cells. Most of the plant parts (fleshy fruits) contain up to 95 % water. Potassium has a vital role to withstand the plant during water shortage (Parson et al., 2007) .
Soil K deficiency has been reported in many parts of the world, especially in the developing countries (Rengel and Damon, 2008) . About one-third soils of Pakistan are deficient in available potassium (Akhtar et al., 2003) . K deficient soils face many abnormalities, such as reduced photosynthesis rate in maize and sugar beet, reduced root length density (RLD) and total root length (TRL) at later stages of growth and effect stomatal activity causes loss of water at damaging level (Terry and Ulrich, 1973; Roshani and Narayanasamyb, 2010) . During the rapid dry matter accumulation phase of maize growth before pollination, deficiency in K availability in soil volumes that can result in inadequate K nutritional status and may result in reduced productivity and to increase the yield potassium have immense scope in crop productivity (Heckman and Kamprath, 1992; Bhattacharyya, 2000) . Although K is most essential element for plants, but still it is considered as "the forgotten nutrient", as in many parts of the world. Keeping in view the facts K acts as an essential ion in the physiology of plant water relations and also enhances the crop growth, development leads to yield of corn and forage. For this purpose, an experiment has been carried out to investigate the effect of different levels of potassium fertilization on net photosynthesis, transpiration rate, substomatal CO 2 concentration and stomatal conductance in maize. The objectives of the study were to investigate; i) the impact of K + fertilization on physiology of maize plants, ii) the influence of K + fertilization rates on nutrient concentration and uptake by maize plants, and iii) the optimum dose of K + fertilization for maximum and healthier growth of maize (EV-77).
MATERIALS AND METHODS

Experimental layout
A pot experiment was conducted in the rain protected wire house of the Institute of Soil and Environmental Sciences, University of Agriculture, Faisalabad, Pakistan, during 2011-'12. Surface soil samples (0-15 cm depth) were collected and stored in polythene bags. The soil was brought to the laboratory, air dried, grind and passed through 2 mm sieve. A subsample of prepared soil was analyzed for various physical and chemical characteristics ( Staff, Hand Book No. 60, 1954) . Plastic pots were lined with polyethylene sheets. Pots were saturated with water and 5 kg soil was filled in each pot. Potassium fertilizer was applied in five different treatments as T1, T2, T3, T4 and T5 with 0, 70, 100 (recommended), 130, and 160 kg K ha -1 , respectively. Nitrogen and phosphorus were applied @ 250 and 100 kg ha -1 , respectively, i.e. recommended dose in all the pots including control. The experiment was planned in completely randomized design (CRD) with three repeats. Sulphate of potash (SOP) was used as a source of potassium. All K and P and half N were applied at the time of sowing while half N was applied after 50 days of germination. Five soaked seeds of maize (conventional maize variety EV-77) were sown per pot. Tap water was used for irrigation and plant protection measures adopted when needed. Thinning was performed leaving three plants per pot. Maize was harvested from 70 days after the sowing. Various plant parameters (growth, physiological and chemical) were collected following the standard procedures. Table 1 ). The pH of soil was determined using saturated soil paste (Richard, 1954) . Soil saturated paste extract was used to determine electrical conductivity (EC) of the soil (Richard, 1954) . Particle size distribution was determined using hydrometer method (Bouyoucos, 1962) and USDA textural triangle was used to determine soil textural class. Cation exchange capacity was determined using the method used by Chapman (1965) . Lime contents were determined with acid neutralization method (Allison and Moodie, 1965) . Walkly-Black method was followed to determine the contents of organic matter in the soil samples (Nelson and Sommers, 1982) .
Growth parameters of maize
The root and shoot samples were collected and washed after harvesting the crop. Fresh weight, dry weight and length of root and shoot were measured.
Root: shoot dry weight ratios were measured as:
Dry root weight Root to shoot ratio = Dry shoot weight 3. Physiological parameters of maize Infrared gas analyzer (IRGA) was used to measure net photosynthesis (Pn), the rate of transpiration (E), stomatal conductance (g s ) and substomatal CO 2 concentration (C i ) in maize plants. Water use efficiency was calculated through the ratio of net photosynthesis and transpiration rate.
Net photosynthesis (Pn) Water use efficiency = Transpiration rate (E)
Chemical parameters of maize
Nitrogen concentration in roots or shoots was determined by Kjeldhal method (Jackson, 1962) . Available phosphorous concentration in roots and shots was determined by Olsen method (Watanabe and Olsen, 1965) using Atomic absorption spectrophotometer (AAS) (Perkin Elmer Aanalyst 100). Potassium concentration in roots or shoots was determined by Jenway PFP-7 Flame photometer (Mason, 1963) .
Nutrient uptake by roots and shoots were calculated as: % Nutrient (roots or shoots) Nutrient uptake root to shoot = Dry(root or shoot) weight 100 ×
Statistical analysis
Statistics software package 8.1 and Microsoft Excel were used for statistical analysis (Steel et al., 1997) . Means were compared by least significant difference test (LSD) and Pearson coefficient of correlation was used to investigate relationships among various parameters.
RESULTS
Growth parameters
The data summarized in Table 2 clearly indicates that potassium fertilization enhanced the growth parameters significantly. Potassium application at the rate of 100 kg ha -1 (T3) improved all growth related parameters significantly, as it improved the shoot length by 31%, root length by 40%, fresh root weight by 22%, fresh shoot weight by 19%, and dry root weight by 30%, compared with control (without K fertilizer), while shoot dry weight was maximum in T4 and T5 (130 and 160 kg K ha -1 ). It was also noted that further increase in potassium application over 100 kg ha -1 did not increased these parameters significantly. Potassium application at the rate of 130 and 160 kg ha -1 (T4 and T5) increased root length by 23 and 21%, shoot length by 20 and 14%, fresh root weight by 18 and 13%, and dry root weight by 23 and 16%, respectively, as compared to control. Further increase in K dose increased fresh shoot weight only 10 % over the control.
Root: shoot dry weight ratios
Influence of shoot K concentration on root: shoot dry weight ratio is demonstrated in Fig. 1 . Increase in K % concentration in shoot of maize, the root: shoot ratio decreased significantly. Control had minimum K in shoot so root: shoot ratio was recorded maximum. As K concentration increased towards maximum, root: shoot ratio decreased gradually. The line of graph is more abrupt when K application was increased from 100 to 130 kg ha -1 . The minimum root: shoot dry weight ratio was observed in T5 (130 kg ha -1 ). 
Nutrient concentration and uptake by maize plants
The highest K + concentration in roots and shoots of maize was observed under the application of 160 kg K ha -1 (Table 3) . It gave 200% more K + concentration in roots and 93% more K + concentration in shoots, compared with control. The minimum K + concentration in roots and shoots was under the control where no K fertilizer was applied. As K application increased, the concentration of K + in roots and shoots increased and reached up to its maximum when K was applied at 160 kg ha -1 . Potassium application improved nutrient concentration in root and shoot of maize (Table 3) . Maximum P concentration in shoots and roots was observed in T4 where 130 kg K ha -1 was applied. There was 200% more P in root and 105 % more P in shoot in T4, compared with control. Further increase in K fertilization over 130 kg ha -1 did not increase P concentration significantly. Potassium application 160 kg ha -1 increased shoot and root P concentration by 62 and 125%, respectively, compared with control. Potassium application at 160 kg ha -1 (T5) exhibited maximum K uptake by shoots (114% more, compared with control), followed by the K application at 130 and 100 kg ha -1 (Table 4) . Similarly maximum K uptake in roots was observed when K was applied at 160 kg ha -1 , which was 260% more, compared with control.
While minimum K uptake by roots and shoots of maize was observed in control. Maximum N uptake in shoots was observed in T3 and T4, which was 78% more as compared with control. Further increase in K dose did not increase shoot N uptake significantly. While maximum uptake of N by roots was observed in T4, which was 86 % more, compared with control. The potassium application at 130 kg ha -1 (T4) exhibited maximum phosphorus uptake by root and shoots, as there was 286 % more P uptake in roots and 142 % in shoots, compared with control. While T5 did not increase P uptake by roots and shoot significantly. 
Physiological parameters 1. Net photosynthesis
With increase in K fertilizer, increase in net photosynthesis was significant ( Table 5) . Potassium application at the rate of 70 kg ha -1 (T2) and 100 kg ha -1 (T3) improved the net photosynthesis by 19 and 29%, respectively, over the control. The potassium application at 130 kg ha -1 (T4) exhibited maximum net photosynthesis as it boosted the net photosynthesis by 50 % more as, compared to control ( Table 5) . 
Rate of transpiration
The potassium application at 130 kg ha -1 exhibited maximum transpiration rate as it boosted the transpiration rate by 35 % more, as compared to control ( Table 5) . While K application at the rate of 70 kg ha -1 and 100 kg ha -1 improved the transpiration rate by 17 and 24 %, respectively, over the control. Further increase in potassium application over 130 kg ha -1 did not significantly increase the transpiration rate.
Stomatal conductance
Stomatal conductance (g s ) of maize plants was increased with increase in potassium application at a certain level. Potassium applied at rate of 70 kg ha -1 and 100 kg ha -1 improved the stomatal conductance by 33 and 52 %, respectively, over the control ( Table 5 ). The maximum stomatal conductance was observed (0.38 m mol/m²s) in case of treatment where potassium application was 130 kg ha -1 , which was 81 % more than control. Minimum stomatal conductance was obtained (0.21 m mol/m²s) in control condition.
Substomatal CO 2 concentration
Maximum substomatal CO 2 concentration (Ci) was observed in plants where K was applied at the rate of 130 kg ha -1 as it improved the Ci by 41%, compared with control ( Table 5) . Potassium application at the rate of 70 and 100 kg ha -1 improved the substomatal CO 2 concentration by 17 and 26%, respectively, over the control. But at the rate of 160 kg K ha -1 , the increase in Ci was not significant. Fig. 2 illustrates that increase in K application enhanced water use efficiency of maize at a certain level. Potassium applied at the rate of 70 and 100 kg ha -1 improved water use efficiency by 2 and 5%, respectively, over the control. Maximum WUE was observed in T4 (130 kg ha -1 ), which was 13% more, compared with control (Fig. 2) . But, further increase in potassium application over 130 kg ha -1 did not improve WUE significantly. 
Water use efficiency
Correlation studies
Relationship of shoot and root K concentration to various physiological parameters and WUE of maize has been shown using Pearson coefficient of correlation (Tabs. 6 and 7). Shoot K concentration had significant positive correlation with net photosynthesis, rate of transpiration, stomatal conductance, substomatal conductance CO 2 concentration and water use efficiency of the maize (p< 0.05). Similarly, root K concentration also had the significant positive correlation with the parameters mentioned above (p< 0.05). 
DISCUSSION
Potassium fertilization helps to improve yield and quality of crops. In the current studies it was observed that increased K fertilization enhanced the root length, shoot length, dry and fresh weight of root and shoot significantly ( Table 2) . Tzortzakis (2010) reported significant improvement in root length when treated with 10 mmol/L potassium sulphate (K 2 SO 4 ) solution. Egilla et al. (2001) found maximum shoot length when they amended the Hoagland's nutrient solution with 10 mM K. Potassium can enhance the total dry weight accumulation in alfalfa (Peoples and Koch, 1979) , while K starvation reduced plant dry weight of tomato (Del Amor and Marcelis, 2004) . Umer (2006) observed that significant increase in root dry weight by the increase in K application rate. Çelik et al. (2010) found that increased potassium level enhanced roots and shoot dry weight of the maize crop when applied at the rate of 8 Mm. Wakeel et al. (2002) observed that the K application at the rate of 150 ppm per pot showed maximum fresh root and shoot weight in maize. Nawaz et al. (2006) found that high shoot dry weight production was a function of high K uptake under stress conditions. Root: shoot dry weight ratio decreased with increase in K + application (Fig. 1) . The reason for reduced root: shoot ratio is that increased K + application improved uptake of K + from the soil and hence improved photosynthesis in shoots rather in roots. Higher photosynthetic activity improved shoot development hence reducing root: shoot ratio. Similar results were observed by Warncke and Barber (1974) in maize under N-fertilization. Lower root: shoot weight ratios enhanced the availability of assimilates to the shoot resulting in improved grain production and water use efficiency in cereals (Passioura, 1983) . Potassium application improved physiological attributes of maize crops ( (1995) .
Significant improvement in nutrient uptake and concentration in roots and shoots was observed with increased K application (Tabs. 3 and 4). More K fertilization increased the physiological traits and shoot development resulting in more removal of nutrients from soil. Mengel et al. (1976) used labeled NH 4-N of a solution with N 15 and observed that higher potassium concentration in that solution increased translocation of labeled N from the roots to the shoots. Johnson et al. (1997) found that N uptake efficiency of maize was improved with increasing soil K concentration.
Potassium fertilization enhanced nutrient uptake improving growth parameters, physiological traits and nutrient uptake significantly. There was a significant positive relationship between root and shoot nutrient concentration with physiological traits and WUE of maize.
CONCLUSION
Potassium fertilization improved growth and physiological characteristics of maize. Furthermore, it enhanced WUE and reduced root: shoot dry weight ratio of maize. In this way it increases nutrient uptake in water deficit condition. These all parameters finally results in high yield with minimum water usage. So, potassium should be included in all fertilization strategies of maize crop to get optimum yield. It could prove a tool to solve food scarcity problem in developing world. 
